Abstract: Noninvasive photoacoustic microscopy was developed to image intracellular gold nanorods with high optical-absorption contrast. The endocytosed gold nanorods in MCF7 cells can be detected and imaged with the home-made photoacoustic microscope. Cell nucleus and gold nanorods in cytoplasm were clearly identified after hematoxylin and eosin (H&E) staining with dual-wavelength excitation. The intracellular gold nanorods were successfully monitored, and that the time-dependent uptake and distribution of the gold nanorods in the cells were clearly shown. The result demonstrated an application of photoacoustic microscopy for complements to imaging of nonfluorescent nanoparticles, which will arm the in vivo microscopic imaging method to the nano-bio research. imaging of cancer cells using molecularly targeted gold nanorods," Nano Lett. 7(4), 941-945 (2007).
Introduction
Although nanoengineered particles possess great potential for biological and medicinal application, all such materials are subject to a preclinical evaluation process commonly referred to as adsorption, distribution, metabolism, excretion, and toxicity [1, 2] , which are not yet well defined, stimulating much discussion and research in the area. Therefore, highresolution visualization of the uptake and the distribution of nanoparticles in organisms is an important issue, especially in the intracellular metabolism research, which will aid to evaluate the affection of nanoparticles to organism [3] .
Currently, gold nanorods served as multifunctional-imaging and therapeutic agents have drawn much attention in biomedical research [4, 5] . The physical properties of gold nanorods hold a remarkable variance with respect to the surfactant coating, the size, and the shape. Gold nanorods are usually characterized by UV-Vis spectrophotometry, inductively coupled plasma atomic emission spectroscopy (ICP-AES), and transmission electron micros-copy (TEM), but these techniques could not be used for in vivo or living cells detection. Confocal reflectance microscopy, Laser confocal fluorescence microscopy and two-photon fluorescence microscopy are the most commonly methods to trace and image the gold nanoparticles for cells imaging [6] [7] [8] . Recently, confocal Raman scattering microscopy and photothermal microscopy also have been introduced to detect nano-objects and cellular components [9] [10] [11] [12] .
Photoacoustic imaging is an emerging biomedical imaging technology that utilizes thermoelastic effect. Energy of the incident pulse laser absorbed by targets partially converts into heat, which instantaneously leads to acoustic waves [13] [14] [15] . With an optical objectivefocusing light into the biological tissue and an ultrasonic transducer focusing to pick up the photoacoustic signals in the same area, a high resolution image of the tissue can be provided. This approach, referred to as photoacoustic microscopy, has been successfully applied to in vivo structural, functional, and molecular imaging [16] [17] [18] . Photoacoustic microscopy holds great potential for label-free imaging of melanoma and vasculature because nonfluorescent melanin and hemoglobin are major sources of endogenous absorbers for biological tissue in the visible and NIR spectral range [19] [20] [21] [22] [23] [24] . Though gold nanorods as exogenous contrast agent has been introduced for photoacoustic imaging [25] [26] [27] [28] , the biological characteristics of free gold nanorods such as uptake and distribution in cells are never reported.
In this paper, we developed a photoacoustic microscope to demonstrate exquisitely high optical-absorption contrast imaging of the nonfluorescent and label-free gold nanorods, which complemented to the fluorescent imaging and arm the in vivo detection systems to the nanobiological research. The resolution of the photoacoustic microscope was tested and verified with optical resolution test target. Moreover, nonfluorescent gold nanorods were precisely mapped in single cell. The cell nucleus and the distribution of gold nanorods were clearly identified after H&E staining with dual-wavelength excitation photoacoustic microscopy. Final, the intracellular gold nanorods were monitored, which showed the time-dependent uptake and distribution of the gold nanorods in the cells.
Materials and methods
The schematic diagram of the photoacoustic microscopy system is shown in Fig. 1 . A tunable pulsed laser source (Vibrant B 532I, Opotek, USA), with wavelengths of 532 and 680-960 nm, a pulse width of 8-10 ns, and a pulse repetition rate of 10 Hz, was used to provide optical illumination. The pulse energy after an optical attenuator was controlled to be ~40 nJ. Laser pulses scanned with a 2D scanning galvanometer (6231H, Cambridge Technology, Inc.) were reshaped by condenser lens and pinhole. Then the laser was focused by an optical objective with 0.85 NA on to sample surface. A focused ultrasonic transducer (SO22, Guangzhou Doppler Electronic Tech. Co., Ltd, China) with a central frequency of 22 MHz, a −6 dB bandwidth of 100%, covered with sound-transparent material of plexiglass was used to receive photoacoustic signals. The transducer was set on the opposing side of the sample to form the confocal mode of laser and ultrasound. The resulting time-resolved photoacoustic wave was detected in transmission mode. Photodiode was used to monitor the output laser for calibration of the energy of each laser pulse. The photoacoustic signals were first amplified 20 dB with an amplifier (ZFL-500, Minicircuits), then digitized by dual-channel data acquisition card (NI 5224, National Instrument, USA) at a sampling rate of 100 MHz, and finally recorded in the personal computer to imaging reconstruction with a MATLAB program (Mathworks, Inc.). To demonstrate the application of photoacoustic microscopy in imaging of the intracellular nanoparticles with nonfluorescent property, MCF7 cells and gold nanorods were used for the experiments. Gold nanorods were synthesized using a modified nonseeding synthesis protocol [29] , which are typically prepared in the presence of cetyltriethylammnonium bromide (CTAB) helping to maintain gold nanorods as stable dispersions in aqueous solution. The gold nanorods have a longitudinal size of ~60 nm and an aspect ratio of ~2.4, which hold a resonance absorption peak of ~720 nm [19] .
Before experiment, the gold nanorods solution was centrifuged twice at 8000 rpm to remove the excess CTAB, and incubated with MCF7 cells in serum-free RPMI 1640 medium for 24 hours under a standard cell growth conditions. The gold nanorods can be internalized into cytoplasm by the endocytosis. Then the cells with gold nanorods were rinsed, fixed and stained with H&E, which can enhance the optical absorption of the cell nucleus. Final, the stained slice was washed with deionized water to remove the extracellular free gold nanorods, hematoxylin and eosin.
For cellular imaging applications, slice glass of sample was put on the top of the focused ultrasonic transducer, and ultrasonic coupling was permeated between slice and transducer for photoacoustic-wave propagation. Laser beam was scanned by the galvanometer in a small imaging field of view, which was overlapped with focal spot of focused ultrasonic transducer. The 2D scanning galvanometer was controlled by a computer, which was triggered by the trigger signals of the pump laser. The whole scan process lasts about 17 minutes. An X-Y-Z scanning stage was used to aline the objective lens, sample and transducer.
Results
To measure the transverse spatial resolution of the photoacoustic microscope, gold nanospheres with a diameter of ~60 nm were scanned by the system with 532 nm wavelength laser. The detected photoacoustic amplitude across a gold nanosphere was shown in Fig. 2(a) . Then the data were fitted by the theoretical Gaussian function. The lateral resolution of the system, given by the FWHM of the point spread function, is measured to ~500 nm, which is approached to the theoretical value 0.51λ/NA≈320 nm. Furthermore, a optical resolution test target with 0.5 µm stripe was used to validate the imaging resolution of the system. Figure  2 (b) shows a photoacoustic image of the close-up view on the resolution test target. The right stripe with a space of 0.5 µm was clearly distinguished by the photoacoustic microscope, which is matched well with the optical image of the same scanning area as shown in Fig. 2(c) . The experimental result demonstrated that the transverse spatial resolution of the photoacoustic microscope system can reach nano scale for cell imaging. The photoacoustic microscopic imaging of the H&E-stained cells sample containing the gold nanorods was shown in Fig. 3 . Figure 3 (a) and (b) provide the photoacoustic images of MCF7 cells highlighted on cell nucleus and gold nanorods by different excitation laser wavelengths of 532 and 720 nm, respectively. With H&E staining, the cell nucleus of MCF7 cells was stained in purple, thus high-contrast photoacoustic imaging of cell nucleus can be obtained with green laser excitation. Similarly, photoacoustic imaging of intracellular gold nanorods can be acquired by the excitation with the peak absorption wavelength of the particles. Figure 3(a) presents sharp boundary and high contrast for the cell nucleus, while Fig. 3(b) shows a relatively vague profile of the cells, which is likely determined by concentration and distribution of gold nanorods in the cells. A more informative visualization including the cell morphology and distribution of the intracellular gold nanorods was shown as the overlap image of Fig. 3(c) , which agrees well with the sample photograph shown in Fig. 3(d) . The results demonstrated that the nonfluorescent gold nanorods inside the cells can be detected and visualized clearly with dual-wavelength photoacoustic microscopy.
To further demonstrate photoacoustic microscopy monitoring of the uptake and distribution of gold nanorods in the cells, the samples of MCF7 cells incubated with gold nanorods for 2 h, 6 h and 24 h were shown to photoacoustic examination, respectively. Fluorescent imaging of the samples were also provided as a control.
Based on the endocytosis, the internalization of gold nanorods in MCF7 cells shows a time-dependent process seen in Fig. 4(a-c) . The gray scaling in all the photoacoustic images refers to the same range of absolute signal strength. Cell uptake of gold nanorods can be found after 2 h incubation, and gold nanorods began to gather in the cytoplasm (Fig. 4(a) ). After 24 h incubation, the intracellular gold nanorods were revealed with high photoacoustic intensity. The distribution of gold nanorods in cytoplasm can be easily distinguished for the cell contour with a low-light area in the center (marked with arrows in Fig. 4(c) ), which could probably be the cell nucleus. Quantitative analysis of photoacoustic signal intensity of the intracellular gold nanorods with different incubation time was shown in Fig. 4(e) , which further validated the uptake concentration of gold nanorods are proportional to the incubation time. Figure 4 
Discussions and conclusions
Nonfluorescent gold nanorods in cells were first visualized and continuous monitored by the home-made photoacoustic microscope. Though the photothermal microscopy holds higher sensitivity and better spatial resolution, the photoacoustic microscopy may provide deeper imaging by detection of ultrasonic in tissues. In this paper, though the samples were fixed in the experiments, the imaging of cells can reflect the realized state as like biopsy. For in vivo imaging, the scanning optical path can be further optimized to improve the spatial resolution, which would help to avoid biological heating damage. In addition, an advanced transducer with higher sensitivity and higher frequency as well as low-resistance electronic devices would enhance the detection sensitivity of the system to reduce the excitation laser power. In summary, a home-made photoacoustic microscope was developed and provided high opticalabsorption contrast imaging. Cell nucleus and intracellular gold nanorods were observed simultaneously in single cell with dual-wavelength photoacoustic microscopy. The uptake and the distribution of gold nanorods in the cells were monitored with different incubation time. Photoacoustic microscopy can directly detect the nonfluorescent gold nanorods, which are no need to conjugate with fluorescent molecular. Our results provide a superior method to monitor the label-free nanoparticles, which will help the intracellular photodynamic therapy and drug delivery research.
